Much of modern condensed matter physics is understood in terms of elementary excitations, or quasiparticles-fundamental quanta of energy and momentum 1,2 . Various strongly interacting atomic systems are successfully treated as a collection of quasiparticles with weak or no interactions. However, there are interesting limitations to this description: in some systems the very existence of quasiparticles cannot be taken for granted. Like unstable elementary particles, quasiparticles cannot survive beyond a threshold where certain decay channels become allowed by conservation laws; their spectrum terminates at this threshold. Such quasiparticle breakdown was first predicted for an exotic state of matter-super-fluid 4 He at temperatures close to absolute zero, a quantum Bose liquid where zero-point atomic motion precludes crystallization 1-4 . Here we show, using neutron scattering, that quasiparticle breakdown can also occur in a quantum magnet and, by implication, in other systems with Bose quasiparticles. We have measured spin excitations in a two-dimensional quantum magnet, piperazinium hexachlorodicuprate (PHCC) 5 , in which spin-1/2 copper ions form a non-magnetic quantum spin liquid, and find remarkable similarities with excitations in superfluid 4 He. We observe a threshold momentum beyond which the quasiparticle peak merges with the two-quasiparticle continuum. It then acquires a finite energy width and becomes indistinguishable from a leading-edge singularity, so that excited states are no longer quasiparticles but occupy a wide band of energy. Our findings have important ramifications for understanding excitations with gapped spectra in many condensed matter systems, ranging from band insulators to high-transition-temperature superconductors 6 .
Much of modern condensed matter physics is understood in terms of elementary excitations, or quasiparticles-fundamental quanta of energy and momentum 1, 2 . Various strongly interacting atomic systems are successfully treated as a collection of quasiparticles with weak or no interactions. However, there are interesting limitations to this description: in some systems the very existence of quasiparticles cannot be taken for granted. Like unstable elementary particles, quasiparticles cannot survive beyond a threshold where certain decay channels become allowed by conservation laws; their spectrum terminates at this threshold. Such quasiparticle breakdown was first predicted for an exotic state of matter-super-fluid 4 He at temperatures close to absolute zero, a quantum Bose liquid where zero-point atomic motion precludes crystallization [1] [2] [3] [4] . Here we show, using neutron scattering, that quasiparticle breakdown can also occur in a quantum magnet and, by implication, in other systems with Bose quasiparticles. We have measured spin excitations in a two-dimensional quantum magnet, piperazinium hexachlorodicuprate (PHCC) 5 , in which spin-1/2 copper ions form a non-magnetic quantum spin liquid, and find remarkable similarities with excitations in superfluid 4 He. We observe a threshold momentum beyond which the quasiparticle peak merges with the two-quasiparticle continuum. It then acquires a finite energy width and becomes indistinguishable from a leading-edge singularity, so that excited states are no longer quasiparticles but occupy a wide band of energy. Our findings have important ramifications for understanding excitations with gapped spectra in many condensed matter systems, ranging from band insulators to high-transition-temperature superconductors 6 .
Although of all the elements only liquid helium fails to crystallize at temperature T ¼ 0, quantum liquids are quite common in condensed matter. Metals host electron Fermi liquids, and superconductors contain Bose liquids of Cooper pairs. Trapped ultracold atoms can also form quantum liquids, and some remarkable new examples were recently identified in magnetic crystals 5,7-10 . The organometallic material PHCC is an excellent physical realization of a quantum spin liquid (QSL) in a two-dimensional (2D) Heisenberg antiferromagnet (HAFM). Its Cu 2þ spins are coupled through a complex network of orbital overlaps, and form an array of slightly skewed anisotropic spin-1/2 ladders 10 in the crystalline a-c plane with highly frustrated super-exchange interactions 5 . The spin excitations in PHCC have a spectral gap D s < 1 meVand nearly isotropic 2D dispersion in the (h0l) plane with a bandwidth slightly larger than D s . In the absence of a magnetic field, only the short-range dynamic spin correlations typical of a liquid exist: the spin gap precludes longrange magnetic order down to T ¼ 0. Here we explore magnetic excitations in PHCC via inelastic neutron scattering and compare the results with similar measurements in the quantum fluid 4 He, emphasizing the effects where quasiparticle dispersion reaches the threshold for two-particle decay and interferes destructively with the continuum.
The properties of superfluid 4 He (ref. 4) can be explained by considering Bose quasiparticles with a finite-energy minimum (an energy gap) in their spectrum 1, 2 . However, in a Bose quantum liquid, a spectral gap can produce an energy-momentum threshold where the quasiparticle description breaks down [1] [2] [3] . Beyond this threshold, single-particle states are no longer approximate eigenstates of the hamiltonian and the quasiparticle spectrum terminates. Neutron scattering experiments in 4 He indicate that the spectrum of quasiparticles (quanta of longitudinal sound waves also called phonons) ends when the phonon is able to decay into two 'rotons' [11] [12] [13] [14] [15] . These rotons are phonons with roughly quadratic dispersion that occur near the dispersion minimum, which is at energy D < 0.74 meV and wavevector Q < 2 Å 21 (compare Fig. 1 , main panel). Spontaneous decays provide the only mechanism that destroys quasiparticles in 4 He at T ¼ 0. However, owing to the high density of two-roton states, this decay path is so effective that instead of acquiring a finite lifetime, the quasiparticles simply cease to exist. Specifically, the single-particle pole is absent in the Green's function of 4 He atoms for Q . Q c (where Q c is a threshold wavevector), so that the quasiparticle spectrum does not continue beyond the threshold 1-3 .
The excitation spectrum of superfluid 4 He as probed by neutron scattering is shown in Fig. 1 , main panel. One can see the roton minimum in the dispersion and the spectrum termination point at Q c < 2.6 Å 21 . Near Q c the phonon hybridizes with two-roton excitations, its dispersion flattens, and spectral weight is transferred to the multiparticle continuum 13, 15 . While a smeared maximum occurs at the leading edge of the continuum for Q . Q c and appears to continue the quasiparticle dispersion relation, it is instead ascribed to a two-roton bound state (resonance) resulting from roton-roton interactions 15, 16 . Decays modify the 'bare' Feynman-Cohen quasiparticle dispersion in 4 He (white line in Fig. 1 , main panel) 17 . Instead of terminating where it reaches the energy 2D, the quasiparticle spectrum is suppressed to lower energies at Q # Q c , approaching the threshold energy "q ¼ 2D horizontally 3 (black line in Fig. 1, main  panel) .
The generality of the physics underlying quasiparticle breakdown in 4 He suggests that similar effects may occur in other quantum liquids. The quasiparticle instability in 4 He relies on the isotropic nature of the fluid: since the spectrum only depends on jQj, the roton minimum produces a strong singularity in the density of states (DOS). For QSLs on a crystalline lattice, the DOS available for quasiparticle decays is enhanced by the absence of dispersion in certain directions that occurs in low-dimensional systems (D , 3) and in systems with competing interactions (frustration). Quasiparticle breakdown effects should thus be strongest in one-dimensional (1D) QSLs, such as spin-1 chains with a spectral gap 18 . Though the term has not been used in this context, numerical work suggests that spectrum termination does occur in spin-1 HAFM spin chains 19, 20 . Its observation through neutron scattering, however, is hindered by small scattering cross-sections at the appropriate wavevectors. In the spin-1 chain system Ni(C 2 H 8 N 2 ) 2 NO 2 ClO 4 (NENP), scattering becomes undetectable when the single-particle excitation meets the non-interacting two-particle continuum 21 , owing to either decays or a vanishing structure factor. While transformation of magnetic excitations from well-defined quasiparticles to a continuum was observed in the quasi-1D spin-1 HAFM CsNiCl 3 , it is only seen as an onset of damping beyond a certain momentum threshold, well before the dispersion crosses the lower bound of the projected noninteracting two-particle continuum 22 , which may be a result of interchain interactions.
In contrast to the HAFM spin-1 chain, the structure factor of PHCC is favourable for probing the interaction of magnon quasiparticles with their two-particle continuum. Its effects, however, could be less pronounced because the 2D DOS singularities are weaker. Prior measurements examined magnetic excitations in PHCC below ,3 meV (ref. 5 ). Here we present data for energies "q # 7 meV and for wavevectors along the (1/2, 0, l) and (h, 0, 21 2 h) directions, elucidating both single-and multiparticle excitations in this 2D QSL. Data shown in Fig. 2a and selected scans shown in Fig. 3 demonstrate clear similarities to the spectrum of superfluid 4 He. The one-magnon dispersion reaches the lower boundary of the two-magnon continuum, "q 2m ðQÞ ¼ min q {"qðqÞ þ "qðQ 2 qÞ}, for Q c ¼ (h c , 0, 21 2 h c ) with h c < 0.15 near the magnetic Brillouin zone boundary. The first frequency moment 23 integrated over different ranges of energy transfer shown in Fig. 2b reveals how oscillator strength is transferred from the quasiparticle excitation to the multiparticle continuum, in analogy to what is observed in 4 He (ref. 13) .
A change in the character of the excitation spectrum near h c is also apparent in Fig. 3 , which shows the energy-dependent magnetic scattering for wavevectors along the (h, 0, 21 2 h) direction at T < 1.4 K , , D s . For h $ 0.2, Fig. 3a -c, there are two distinct contributions, a resolution-limited quasiparticle peak at lower energy and a broad feature with a sharp onset at higher energy, which we associate with the two-particle continuum. This continuum is well described by a square-root singularity above an energy threshold, typical for two-particle scattering governed by a diverging spectral density 19 . The threshold obtained from such data analysis is slightly higher than the calculated lower boundary of the two-magnon continuum (white line in Fig. 2a ), and is close to the lowest energy of two-particle states involving gap mode magnons with a diverging DOS. Alternatively, the shift could indicate magnon repulsion.
For h # 0.15, the quasiparticle peak joins the continuum to form a complex spectral feature that extends from 2.5 to 4.5 meV ( Fig. 3d-f ). We parameterize this spectrum by the overlapping response of two damped harmonic oscillators. The onset of scattering occurs well above the lowest energy for two non-interacting magnons (dashed white line in Fig. 2a ), which indicates significant interactions. While the lower energy peak that appears to continue the quasiparticle dispersion in PHCC carries more spectral weight than the corresponding resonance at Q . Q c in superfluid 4 He, it also has a measurable energy width as quantified in Fig. 2c . This demonstrates that a decay mechanism abruptly becomes accessible to the low energy excitations for h # 0.15. The width increases towards the Brillouin zone boundary, h ¼ 0, where the peak at the leading edge can be described by a non-quasiparticle square root singularity as used for the continuum at h $ 0.2, or as an unstable non-dispersive resonance below the continuum.
The temperature dependence of scattering in 4 He for Q between 2.4 and 2.6 Å 21 , Fig. 1 inset 13, 14 , provides additional evidence of quasiparticle spectrum breakdown. Data in PHCC for Q ¼ (0.15, 0, 21.15) where the one and two magnon states converge ( Fig. 4e-h ) similarly indicate that proximity to the two-particle continuum enhances thermal damping: the peak whose energy is approximately 20 K is already severely broadened at T ¼ 10 K (Fig. 4f ). Its thermal broadening resembles that of the Q ¼ (0.5, 0, 21.5) gap mode, which is shown in Fig. 4a-d . This differs from observations in copper nitrate, a 1D QSL with weak dispersion where the one-magnon band lies well below the two-magnon continuum and decays cannot occur 24 . Temperature-induced damping in that case is stronger for the lower-energy gap mode than for quasiparticles at the top of the dispersion curve; that is, heating mainly affects energy levels that become thermally populated. For PHCC, damping near the top and bottom of the band is governed by the same thermal population ( Fig. 4a inset) , consistent with the idea that high-energy excitations decay into gap-mode quasiparticles. As their thermal population increases, the probability of stimulated emission by the high-energy excitations also grows.
In summary, quasiparticle spectrum termination as seen in superfluid 4 He can also occur in other condensed matter systems, and in quantum magnets in particular. The dramatic changes observed in the spectrum of magnetic excitations in PHCC provide compelling evidence for such a phenomenon in the 2D QSL. The termination point is marked by rapid transfer of intensity from the magnon peak to the continuum at higher energies and by an abrupt appearance of damping. Although in PHCC the damped peak at the leading edge of magnetic scattering carries more intensity than the analogous peak in superfluid 4 He, the lineshape and temperature dependence of postthreshold excitations in these two very different quantum liquids are remarkably similar.
Quasiparticles are ubiquitous in nature, ranging from phonons, magnons, rotons 1-3 , magnetorotons 25 and heavy electrons and holes in condensed matter physics to quasiparticles of the quark gluon plasma and various unstable particles and resonances in the standard model of particle physics 26 . Rarely, however, do experiments offer as detailed a view of quasiparticle decay as the present results in a 2D organometallic spin liquid. Our findings show that an analysis of excitations in terms of quasiparticles with a welldefined dispersion relation can fail beyond a certain energymomentum threshold where the quasiparticles break down. This has important implications for a variety of condensed matter systems, in particular for other QSLs such as lamellar copper oxide superconductors, where spin excitations above a gap are considered as possible mediators of electron pairing and high-temperature superconductivity 27 . Figure 4 | Temperature dependent energy spectra for PHCC. Data are shown at Q ¼ (0.5, 0, 21.5) (a-d) and Q ¼ (0.15, 0, 21.15) (e-h). Solid lines for T ¼ 1.5 K in a and b are fits as described in Fig. 3 . Solid lines for T $ 10 K are fits to the following response function satisfying a detailed balance constraint: SðQ; qÞ ¼ G p 1 G 2 þð"q2"q0Þ 2 2 1 G 2 þð"qþ"q0Þ 2 1 12 exp ð2b"qÞ . The temperature dependence of the relaxation rate, G, for the lower energy peak at both wavevectors is shown in the inset to a. The line corresponds to exponentially activated behaviour with D ¼ 2.0 meV. Coloured areas below peaks indicate the assignment of different contributions to the spectra. Dashed lines indicate incoherent elastic nuclear scattering. Solid (dashed) horizontal bars in d and h indicate resolution (width of the low energy peak). Error bars show statistical uncertainty estimated as the square root of total neutron count measured at each point.
